Temperature dependence of twinning pseudoelasticity in D0 3 -ordered Fe 3 Ga single crystals was examined. In the crystals annealed in the D0 3 single-phase region, 2:2 T -type pseudo-twins were frequently introduced during loading at and below room temperature. Since the pseudotwins had a high energy compared with a perfect twin, the untwinning took place during unloading to decrease their energy resulting in the twinning pseudoelasticity. Moreover, the twinning pseudoelasticity became more dominant with decreasing temperature, in contrast to that based on dislocation motion. In particular, high strain recovery during unloading was
Introduction
Pseudoelasticity which shape memory alloys show is generally based on a thermoelastic martensitic transformation. 1) However, Fe 3 Ga single crystals with the D0 3 structure were found to exhibit three types of pseudoelasticities based on the martensitic transformation, the dislocation motion and the twinning.
2) For instance, in Fe 3 Ga crystals, the stressinduced and reverse transformations of the 14M martensites with 14-layered periodic structure were one of the origins of the pseudoelasticity. Moreover, motion of 1=4h111i superpartial dislocations in D0 3 -ordered Fe 3 Ga single crystals was reversible during loading-unloading cycle.
2,3) During loading, uncoupled or paired 1=4h111i superpartials moved dragging the nearest-neighbor and next-nearest neighbor antiphase boundaries (APB), respectively. On the other hand, these APBs pulled back the superpartials during unloading due to their tension, which resulted in the pseudoelasticity called ''APB pseudoelasticity''. It is also noted that twinning and untwinning in Fe 3 Ga single crystals also resulted in the pseudoelasticity.
2) Figure 1 shows the atomic arrangement of the twins in the D0 3 lattice. If a twin shear is introduced in the D0 3 crystals parallel to {112} plane, the atom arrangements of the D0 3 matrix and the twin are not mirror symmetric about the twin boundary as shown in Fig. 1(b) . The {112} twins in the D0 3 crystals are designated as 2:2 T -type pseudo-twins by Christian et al. 4) Note that the unit cell of the twin region changes to the orthorhombic structure, caused by the twin shear ( Fig. 1(c) ). Thus, the twinning deformation can be regarded as a kind of displacive transformation. The energy of the pseudo-twins in Fe 3 Ga crystals was so high that the twins disappeared during unloading to decrease their energy, which led to the twinning pseudoelasticity.
2) Such kind of pseudoelasticity was also observed in Fe 3 Be alloys. [5] [6] [7] It should be mentioned that the pseudo-twins in Fe 3 Ga alloys were formed in the D0 3 matrix. In contrast, in conventional shape memory alloys such as Cu-Al-Ni 8) and Au-Cu-Zn, 9) twinning pseudoelasticity is caused by a reversible motion of twin boundaries in the martensite phase. Therefore, the twinning pseudoelasticity in Fe 3 Ga alloys is different from that in the shape memory alloys. It is also interesting to note that the dominant type of the pseudoelasticity in Fe 3 Ga alloys depended strongly on the annealing condition, loading axis and stress sense.
2) For example, the twinning pseudoelasticity tended to appear in Fe 3 Ga single crystals pulled with h149i orientation at room temperature. In contrast, if the crystals were compressed at the same orientation, the APB pseudoelasticity preferentially took place instead of the twinning pseudoelasticity.
3) This is because the pseudotwins were hardly formed in compression at h149i orientation due to their tension-compression asymmetry.
2) Thus, one can control the dominant type of pseudoelasticity in It is well known that perfect transformation pseudoelasticity appears in the narrow temperature range just above the austenite-finish temperature. 1) On the other hand, it was found that the APB pseudoelasticity of Fe 3 Ga single crystals exhibited wide operating temperature range since the dislocation motion was less temperature-dependent than the martensitic transformation. 10) However, there is no information on the temperature dependence of the twinning pseudoelasticity in Fe 3 Ga single crystals. In this paper, we report temperature dependence of the twinning pseudoelasticity in D0 3 -ordered Fe 3 Ga single crystals. The difference in temperature dependence between the twinning and APB pseudoelasticities was discussed. In addition, the driving force for the twinning pseudoelasticity was quantitatively discussed.
Experimental Procedure
The fabrication process of Fe 3 Ga single crystals was documented in our previous paper.
2 ) The chemical composition of the single crystals used in the present study was determined to be Fe-24.4Ga (at%) by an electron probe microanalyzer. After homogenization at 1100 C for 48 h, these crystals were solutionized at 800 C and then annealed in the D0 3 single-phase region at 600 C for 10 h. Note that the annealing condition chosen in the present study was favorable for the twinning pseudoelasticity.
2) Tensile specimens with gauge dimension of 1:5 Â 1 Â 5 mm 3 were cut from the single crystals by spark machining. The loading axis of these specimens was selected to be [ 1 149 C at a constant cross-head speed of 0.05 mm/min corresponding to an initial strain rate of 1:7 Â 10 À4 /s. After loading to a maximum plastic strain (" pl ) of 5.0%, the specimens were unloaded at the same cross-head speed. The amount of strain recovery in the crystals was evaluated using recovery ratio (r) defined as follows
where " r is the residual strain after complete unloading. Slip trace analysis was done using an optical microscope equipped with Nomarski interference contrast. Deformation substructure developed in the crystals was observed by a transmission electron microscope (TEM) operated at 300 kV. The subscripts ''p'' and ''t'' mean that the crystal planes and directions are indexed with respect to the D0 3 parent phase and the pseudo-twins throughout this paper, respectively. C, a smooth S-S curve with little strain recovery can be seen suggesting that dislocation motion is responsible for the permanent plastic deformation. In contrast, pseudoelasticity obviously appears at and below 100 C and the shape of S-S curves depends strongly on deformation temperature. At 100 C, the APB pseudoelasticity dominantly appears accompanied by the smooth S-S curve with a few serrations though the strain recovery is small. In contrast, at and below room temperature, there are numerous serrations in the S-S curves both during loading and unloading suggesting that the twinning pseudoelasticity takes place in the temperature range. Furthermore, the plastic strain at which the serrated flow starts during tensile loading decreases with decreasing temperature. In particular, the serration can be observed at the beginning of plastic deformation at À180 C. Thus, one can conclude that the formation of the pseudo-twins becomes remarkable at low temperatures. It is also interesting to note that strain recovery at À150
Results
C is obviously composed of two steps. The first step of the strain recovery at 350 MPa is accompanied by the serration while a small change in the curvature of the S-S curve can be seen at the second step. This means that strain recovery associated with the twinning pseudoelasticity occurs prior to that with the APB one at À150 C. In other words, this is evidence that both the twinning and APB pseudoelasticities contribute to the strain recovery at À150 C. On the other hand, the S-S curve at À180 C, except the elastic region, is fully composed of the serration suggesting that the twinning pseudoelasticity is mostly responsible for the strain recovery at the temperature. Figure 3 shows microstructure of Fe-24.4Ga single crystals pulled at 200 C, room temperature and À180 C. At 200 C, there are coarse deformation bands and fine slip traces parallel to primary ( 1 101) slip plane while no deformation twin is found (Fig. 3(a) ). On the other hand, (1 1 12) pseudotwins can be seen in addition to fine ( 1 101) slip traces at room temperature as shown in Fig. 3(b) . At À180 C, there exists not only (1 1 12) but also ( 1 1 1 12) pseudo-twins, while ( 1 101) slip traces are rarely observed (Fig. 3(c) ). These observations also suggest that the twinning pseudoelasticity becomes dominant at low temperatures, especially at À180 C. It is also noted that the crystallographic feature of the pseudo- C is composed of two steps, which is indicated by arrows.
twins at À180 C, examined by TEM observation, is the same as that at room temperature as shown in Fig. 4 . In Fig. 4(a) , there exists a (1 1 12) pseudo-twin band formed at À180 C. Figure 4(b) shows the selected area electron diffraction (SAED) patterns of the D0 3 matrix and the twin. Note that the superlattice reflections of the D0 3 matrix, such as 1 1 11 p and 002 p , cannot be seen since the fraction of the D0 3 matrix in the selected area is small. The SAED patterns of the D0 3 matrix and the twin do not have mirror symmetry at the twin plane, since there are some additional superlattice spots in the SAED pattern of the twin, such as 101 t and 002 t (Fig. 4(b) and (c)). It is also mentioned that the SAED pattern of the pseudo-twin in Fe-24.4Ga single crystal is similar to that observed in Fe 3 Al polycrystals.
11) The formation of the additional spots results from the change in the crystal structure from the D0 3 ( Fig. 1(a) ) to the orthorhombic structure ( Fig. 1(c) ), associated with the twin shear. 2, 11) The variation in the crystal structure is closely related to the twinning pseudoelasticity.
The recovery ratio of Fe-24.4Ga single crystals pulled to " pl ¼ 5:0% is plotted against deformation temperature in Fig. 5 . The data obtained by the compression tests to " pl ¼ 5:0% at the same orientation is also plotted for comparison. 10) Note that only APB pseudoelasticity associated with ( 1 101) [111] reversible slip took place in the compression tests in the temperature range between À150 C and room temperature since the shear of (1 1 12) [ 1 111] pseudotwins occurred in the anti-twinning sense at [ 1 149] compression. 2, 3) In the compressed crystals, perfect strain recovery caused by the APB pseudoelasticity can be obtained at around room temperature while the recovery ratio decreases steeply with decreasing temperature. In particular, little strain recovery is obtained at À150 C in the compressed crystals. In contrast, when the twinning pseudoelasticity takes place in the tensile-deformed crystals, the recovery ratio remains high even at low temperatures. In particular, the recovery ratio of the crystals pulled at and below À100 C is higher than that at room temperature. Figure 6 shows variation in the formation stress (' tw ) and annihilation stress (' ut ) of (1 1 12) [ 1 111] pseudo-twins as a function of deformation temperature. It is interesting to note that both the stresses are almost constant irrespective of deformation temperature at and below 100 C. The yield stress associated with dislocation motion (' d ), accompanied by a smooth curvature change in the S-S curves during loading, is also plotted in Fig. 6 . At 200 C, ' d shows a small value of about 400 MPa. However, ' d of the tensile deformed crystals increases with decreasing temperature, which is consistent with that of the compressed crystals. 10) In particular, ' d at À180
C cannot be determined since the deformation at the temperature is mostly controlled by the twinning. In other words, at À180 C, ' d is higher than ' tw .
Discussion
The temperature dependence of the twinning pseudoelasticity in Fe-24.4Ga single crystals is discussed. In Fe-24.4Ga single crystals annealed in the D0 3 single-phase region, the APB and twinning pseudoelasticities appeared depending on deformation temperature. The twinning pseudoelasticity is based on twinning and untwinning of 2:2 T -type pseudotwins.
2) The atomic arrangements of the D0 3 matrix and the pseudo-twin do not have mirror symmetry about {112} twin plane without an atomic shuffling as shown in Fig. 1(b) . 2, 4) Therefore, the energy of the pseudo-twins is so high that the twins disappear during unloading to decrease their energy resulting in the twinning pseudoelasticity.
2) As deformation temperature decreased, the twinning pseudoelasticity accompanied by the serrated flow became significant in the tensiledeformed crystals instead of the APB pseudoelasticity (Fig. 2) . Moreover, the pseudo-twins started to be formed at lower strains with decreasing temperature. In particular, the formation of the pseudo-twins began at the onset of yielding at À180 C. On the other hand, the APB pseudoelasticity is based on the reversible motion of 1=4h111i superpartials dragging the APBs.
3) Since 1=4h111i superpartial in the D0 3 structure is equivalent to 1=2h111i dislocation in the bcc metals, the frictional stress of the superpartials increases rapidly with a decrease in deformation temperature. Actually, the yield stress associated with the dislocation motion, ' d rose with decreasing deformation temperature (Fig. 6) and therefore, the motion of the superpartials became difficult at low temperatures. 10) In contrast, it is well known that a formation stress of deformation twins is less sensitive to deformation temperature, compared with dislocation motion. In fact, ' tw of the pseudo-twins in Fe-24.4Ga single crystals remained almost constant regardless of deformation temperature as shown in Fig. 6 . Consequently, at low temperatures, the twinning deformation is more prevailing than the dislocation motion in the tensiledeformed crystals. In particular, both (1 1 (Fig. 3(c) ). Thus, the twinning pseudoelasticity in Fe-24.4Ga single crystals became more ascendant at low temperatures. In contrast, at 200 C, the frictional stress of 1/4[111] superpartials was so low (Fig. 6 ) that deformation was governed by the dislocation motion instead of twinning as shown in Fig. 3(a) . At 200 C, however, the APB pseudoelasticity as well as twinning one hardly appeared due to the APB relaxation, which is well described in our previous paper. 10) Next, let us consider the behavior of strain recovery during unloading. Fe-24.4Ga single crystals compressed at around room temperature exhibited high recovery ratio, which was caused by the APB pseudoelasticity. However, since the frictional stress of 1/4[111] superpartials increased with decreasing deformation temperature, the reversible motion of the superpartials became difficult at low temperatures. 10) This resulted in the decrease in recovery ratio in the compressed crystals as shown in Fig. 5 . In contrast, the strain recovery based on the twinning pseudoelasticity in the pulled crystals showed high value even at low temperatures (Fig. 5) . In particular, the recovery ratio at À180 C at which the twinning pseudoelasticity dominantly took place exceeded 80%. In the tensile-deformed crystals, not only ' tw but also ' ut for 2:2 T -type pseudo-twins were almost independent of deformation temperature as shown in Fig. 6 . Bolling et al. 5, 6) reported that the ' ut in Fe 3 Be single crystals was also temperature independent. The driving force for the twinning pseudoelasticity in Fe 3 Ga single crystals is free energy difference between the D0 3 matrix and the pseudo-twins.
2)
It is strongly suggested that high driving force for the annihilation of the pseudo-twins was preserved even at low temperatures resulting in high recovery ratio by the twinning pseudoelasticity.
Next, the driving force for the twinning pseudoelasticity is quantitatively discussed by modifying the theory proposed by Green et al. 7) and Narita et al. 12) When the twinning pseudoelasticity appears in Fe 3 Ga single crystals, the following equations hold true during loading and unloading. 7, 12) 
where ( tw and ( ut are the resolved shear stresses at which the formation and annihilation of the pseudo-twin start, respectively, ( f is the frictional stress acting to oppose the motion of the twin interface, ( b is the applied shear stress at which the pseudo-twin formation starts in the absence of any nucleation barrier. ( tw and ( ut can be simply written as
where S f is the Schmid factor for (1
where ÁG is the free energy difference between the D0 3 matrix and the pseudo-twin, is the shear strain for the pseudo-twins ( ¼ 0:707). Note that ÁG in eq. (6) includes both the chemical and elastic energies associated with the formation of the pseudo-twins. 7) ' tw and ' ut in eqs. (4) and (5) can be obtained from Fig. 6 . By substituting parameters into eqs. (2)$(5) and solving simultaneous eqs. (2) and (3), ( f and ( b were calculated to (52 AE 2) MPa and (220 AE 5) MPa, respectively. Since ( b was much higher than ( f , the pseudo-twins began to disappear at high ( ut to decrease their energy. This resulted in the twinning pseudoelasticity. Furthermore, ÁG can be obtained from eq. (6) . In the present study, ÁG for Fe-24.4Ga single crystals pulled in the temperature range from À180 to 100 C was calculated to ð1:56 AE 0:03Þ Â 10 8 J/m 3 , which is almost independent of deformation temperature. ÁG for Fe-24.4Ga is slightly higher than that for Fe-19Be though ÁG of Fe 3 Be alloys depended strongly on the chemical composition and the heat treatment. 6, 7) High ÁG of Fe-24.4Ga single crystals led to high recovery ratio even at low temperatures as shown in Fig. 5 .
In the crystal pulled at À150 C, the unloading curve was composed of two steps as shown in Fig. 2 . The strain recovery associated with the twinning pseudoelasticity started prior to that due to the APB one. In the case of the APB pseudoelasticity, 1=4h111i superpartials were pulled back by the APB during unloading, resulting in the strain recovery.
3) Since the frictional stress of 1=4h111i superpartials increased with decreasing temperature, the stress at which the superpartials could move back also diminished at low temperatures. 10) In contrast, the ' ut was almost constant regardless of deformation temperature (Fig. 6) . Thus, during unloading at À150 C, 1=4h111i superpartials started to move backward after untwinning, which led to the two step recovery at the temperature. It should be noted that both the APB and twinning pseudoelasticities also appeared at À100 C and room temperature (Fig. 3(b) ). However, the strain recoveries based on these pseudoelasticities may overlap each other at the temperatures since the strain recovery due to the APB pseudoelasticity was also found to start at around 350 MPa similar to that due to the twinning pseudoelasticity. 10) It should also be mentioned that the recovery ratio of the crystals pulled at room temperature was lower than that at À180 C as shown in Fig. 5 . At room temperature, both the APB and twinning pseudoelasticities took place as shown in Fig. 3(b) . The reversible motion of 1/4[111] superpartials for the APB pseudoelasticity was significantly suppressed by the twin boundaries, resulting in the decrease in recovery ratio. In contrast, as the contribution of the APB pseudoelasticity to the strain recovery decreased with decreasing temperature, the recovery ratio became high due to the twinning pseudoelasticity, especially at À180 C.
Conclusions
Temperature dependence of the twinning pseudoelasticity in D0 3 -ordered Fe 3 Ga single crystals was investigated and the following conclusions were reached.
(1) The twinning pseudoelasticity in Fe-24.4Ga single crystals became more dominant with decreasing deformation temperature. This is because the formation and annihilation stresses of 2:2 T -type pseudo-twins were almost constant irrespective of deformation temperature, in contrast to the dislocation motion. (2) When the twinning pseudoelasticity appeared in Fe-24.4Ga single crystals, high recovery ratio could be obtained even below room temperature. This suggests that the high driving force for the twinning pseudoelasticity was preserved at low temperatures.
